Exposure of absolute pressure sensors, resonant microtube density, binary concentration sensors and chip-scale vacuum packaged pirani gauges to room temperature helium resulted in a gradual drift in sensor output. No effect was found for differential pressure sensors and pirani gauges vacuum packaged with ceramic or metal packages. The observed results apply to other vacuum packaged MEMS devices such as gyroscopes, voltage controlled oscillators, infrared and Coriolis mass flow sensors. Potential causes for this loss of hermeticity are discussed as well as application limitations for MEMS sensors.
Introduction
A variety of Micro Electro Mechanical Systems (MEMS) devices have been applied to measuring the flow rate [1, 2] density and constituent concentration [3, 4] and pressure [5] [6] [7] [8] of gases. While many of these devices have been designed for use in air or oxygen in automotive and medical applications, a number of MEMS sensors have been applied to the measurement of gases such as hydrogen, helium, natural gas, nitrous oxide and others.
Kim et al. [9] found that helium and hydrogen could permeate CVD (Chemical Vapor Deposition) oxide sealed MEMS resonators at elevated temperatures resulting in a degradation of Q values. Annealing in a hydrogen or helium ambient at 170˚C -400˚C was found to increase microcavity pressure, as did reliability testing at 100˚C in air due to the 5 ppm helium present in the atmosphere. The gradual cavity pressure increase was not observed after operating in air 3000 hours at room temperature. By sealing the CVD oxide plugs with an aluminum capping layer this group could prevent hydrogen permeation into the CVD sealed microcavities at elevated temperatures.
Sparks [10] found changes in resonator Q in the presence of helium at low temperature in sealed single crystal silicon microstructures. These effects were seen between 23˚C and 100˚C after and during helium exposure at relatively low pressures of 140 KPa to 380 KPa. Resonator Q changes were not observed for hydrogen, argon, nitrogen, methane, carbon dioxide, sulfur hexafluoride and air [4, 10] . Only helium, not hydrogen was found to permeate the silicon chip-scale MEMS resonator packages in that study.
In the current study the reliability of various MEMS vacuum sealing interfaces and packaging methods of a number of different MEMS devices were studied in more detail using room temperature helium pressurization. MEMS pressure sensors, pirani gauges and resonant microtubes used to make Coriolis mass flow, density and binary concentration sensors were examined for stability during exposure to helium.
Experimental Procedure
To examine a wide variety of MEMS packaging methods and materials, commercially available and experimentally fabricated devices were tested. The MEMS wafer and devices were fabricated at four different cleanroom facilities using four different types of wafer level bonding processes and two discrete vacuum package sealing methods. The commercially available sensors are shown in Figure 1 . The large microfluidic resonator chip (middle) and packaged device (top middle) [4, 10, 11] uses a resonating silicon tube that is vacuum sealed with reflowed glass. All of these resonators employed thin film getters to obtain low initial, cavity pressures (1 mTorr). The metal getter film coated the entire top inner surface of the silicon cavity. To investigate potential helium related effects on pressure sensors, three different pressure sensors were also tested in this study; a Freescale manifold absolute pressure sensor, MPX4200A (round left) in Figure 1 that is made using two silicon wafers bonded with reflowed glass [5] , a Delphi manifold absolute pressure sensor (square right) that forms its vacuum reference using silicon to glass anodic bonding [8] , and finally a Delphi differential silicon on glass pressure sensor. The glass thickness in the Delphi chip is 1500 microns, while the silicon diaphragm is only 12 microns thick. The Delphi pressure sensors are just Wheatstone bridges with no amplification. The Freescale pressure sensor gives an amplified output, not just a Wheatstone bridge offset. It should also be noted that the Freescale diaphragms were coated with a silicone gel while the Delphi diaphragms in this study were not coated.
MEMS pirani gauges [12, 13] were also tested under helium exposure. As shown in Figure 2 the experimental pirani gauges were chip scaled packaged (CSP) using gold-silicon eutectic wafer bonding (bottom) as well as vacuum packaged in ceramic combo packages using goldtin solder reflow to a gold plated Kovar lid (left) and with welded round Kovar lid to a Kovar TO-type package (right). Kovar is a Fe/Ni/Co alloy with a low thermal expansion coefficient, commonly used for packaging silicon. The round Kovar lids were 250 microns thick as were the square lids used with the ceramic packages. A solder preform made of eutectic gold-tin was used to join the Kovar lid to the gold metallized ceramic package. The bottom portion of the ceramic package was 500 microns thick. The 1625 micron thick base of the metal package has four wires that use reflowed glass for wire feedthrough insulation. The packaged pirani gauges did not employ wafer bonded capping, while the chips scale pirani devices had a 500 micron thick silicon capping layer attached with a gold-silicon eutectic seal using a silicon nitride insulating layer around the feedthroughs, see Figure 3 (d). The chips scale and ceramic package employed thin film getters while the welded metal package did not. The pirani gauge wafers were fabricated in the University of Michigan cleanroom. Figure 3 illustrates the various chip-scale package sealing methods and seals examined in this study, and Figure 4 illustrates how the discrete ceramic and metal packages vacuum seal the MEMS pirani gauges.
High pressure helium exposure was done using a gas cylinder and brass pressure container as shown in Figure  5 . For this study resonator Q, pressure diaphragm deflec- tion measured via piezoresistive bridge offset and thermal impedance of the pirani gauge were used to monitor pressure changes of the different MEMS devices. All MEMS devices, except the silicon direct bonded resonant tubes, were pressurized in pure helium using the system shown in Figure 5 . When testing the hermeticity of the resonating silicon tube, sealed using silicon direct bonding, the interior of the silicon tubes were pressurized by attaching the packaged device (top center of Figure 1 ) to the helium using tubing as illustrated in Figure 6 .
Experimental Results

Resonators
Both solid resonators and silicon tube resonators exhibited a loss of vacuum during exposure to helium, a total of 22 resonator parts all showed a rapid reduction in Q after exposure to pressurized helium. Figure 7 shows how the Q value decreased from continued helium exposure at 380 KPa at room temperature. The silicon direct bonded tubes were pressurized, while for the solid resonator the entire MEMS chip was immersed in helium. A Q value was measured over time to generate each data point in Figure 7 , after which the MEMS chips were re pressurized with helium. This Q change corresponds to a pressure increase from 1 mTorr to over 100 Torr [14] after just 48 hours of helium exposure. The buildup of helium also caused a frequency drift with helium exposure time in the resonator as shown in Figure 8 . A maximum frequency change of 83 Hz was observed due to helium exposure at 380 KPa. Of the 22 resonators tested in helium in this study at various pressures, 100% of resonators exposed to pressurized helium exhibited a Q decrease.
The final resonator experiment involved determining how sensitive these resonators were to lower helium concentrations. Since diffusion is enhanced by temperature the resonators were exposed to helium nitrogen mixtures and compressed air at 85˚C, which are at the high end of most operating conditions for MEMS products. A gas decrease for these resonators. No Q change was noted after more than one month for the same types of parts using compressed air at 85˚C, 380 KPa, which has 5 ppm of residual helium.
Pressure Sensors
The next set of experiments involved pressure sensors. The zero pressure bridge offset of an absolute pressure sensor is a measure of diaphragm deflection and hence cavity pressure [6, 7] . An example of this is that the bridge offset shifts down by 40 to 50 mV after vacuum anodic bonding for the Delphi Wheatstone bridge absolute pressure sensors. The helium testing began at 380 KPa, for 24 hours, a condition that caused a shift in the resonators. Unlike the resonators, no change in zero pressure offset of the pressure sensors were noted for this helium pressure and soak time. For the next test the helium pressure was then increased to 415 KPa. Figure 9 shows that a drift over time in the zero pressure sensor output for the helium immersed parts, at 415 KPa, versus that of the control group was observed. Each point uses the average for 5 pressure sensors. The zero pressure offset shift is the difference between the average bridge or sensor output of the helium immersed parts and the controls that were left in air at atmospheric pressure and room temperature. The standard deviation of the controls ranged from 0.006 to 0.007 V, while the standard deviations of the helium immersed samples ranged from 0.033 to 0.05 V. The Freescale, frit glass bonded pressure sensor outputs ranged from 2.299 to 2.315 V at room temperature and pressure prior to helium exposure. At the end of the helium soak the Freescale pressure sensors zero pressure outputs range from 1.905 to 2.003 V. Both the Freescale monolithic absolute pressure sensor and Delphi Wheatstone bridge absolute pressure sensor showed a gradual linear drift in the zero pressure offset over helium exposure time. This denotes an increase in the cavity pressure of the vacuum reference which causes a change in the deflection of the piezoresistors in the bridge [6, 7] . Control absolute pressure sensors stored in air at the same pressure showed no change in the zero pressure offset. The differential Delphi pressure sensors showed no change due to the same helium exposure. The anodically bonded Delphi absolute pressure sensor is of most interest since there is no sealing material, only the relatively wide 300 micron, glass-silicon interface around the vacuum reference cavity. Figure 10 shows that a gradual recovery of the Wheatstone bridge offset was noted at the completion of the helium testing. The offset difference of an anodically bonded Delphi absolute pressure sensor sample, held in room temperature air, began to slowly return to the original pre-helium soak values. After 227 days in room air, the bridge offset difference of the anodically bonded pressure sensors had reversed the shift by 60 mV, going from 73 mV to just 13 mV offset from the starting bridge offset voltage, or 82% of the helium induced change.
Pirani Gauges
To examine other means of packaging MEMS sensors, pirani gauges were packaged with three different methods, wafer-level, chip scale packaging, welded metal TO lids, and ceramic packages with soldered lids were first pressurized with helium. The pressure starting point for this test was 275 KPa of helium for 11 hours. As shown in Table 1 no change in thermal impedance and hence cavity pressure was noted after this. Additional CSP and metal packaged parts were added and the pressure and helium soak time was increased to 415 KPa for 90 hours. No change in cavity pressure for all three types of packages was noted under this testing condition. The thicker 500 μm silicon caps with the gold-silicon eutectic seal was an effective barrier for the chip scale packages at helium pressures of 275 -415 KPa at room temperature. Finally the pressure and helium soak time was increased to 690 KPa for 408 hours. The average cavity pressure of the chip scale packaged pirani gauges increased by 1.471 Torr after this treatment, while the ceramic and metal packages showed no significant change in thermal im- Figure 10 . The change in the bridge offset between the helium exposed sensors and controls after the conclusion of the helium testing at room temperature in air. 
Discussion
The MEMS devices used in this study to investigate room temperature permeation had differences in materials and sealing methods as well as helium sensitive functional elements. The resonators needed only 0.5 to 2 hours of exposure to helium at 140 to 380 KPa to exhibit a lower Q. The absolute pressure sensors required several days of helium pressures of 415 KPa for a noticeable shift in the zero pressure bridge offset. The wafer-level packaged pirani gauges needed many days of helium immersion at 690 KPa to exhibit a thermal impedance change indicating an increase of pressure in the silicon microcavity. Ceramic and steel vacuum packaged pirani gauges did not showed an indication of helium permeation under these test conditions. Figure 10 indicates that this helium effect is reversible for the absolute pressure sensors, the output of the sensors can shift in both directions depending on the helium exposure duration. The same reversible effect for Q was observed with the resonators in an earlier study [10] . Table 2 summarizes the different wafer and package level vacuum sealing materials used in this study, and Kim et al. [9] , as well as the packaging methods and results with regard to helium permeation. All chip-scale vacuum packaging methods eventually had a helium ingress problem while the two discrete packaging methods using ceramic and metal packages did not. Even wafer level bonding methods with no sealing material, direct fusion bond and anodic bonding, were not hermetic in the presence of pressurized helium at room temperature. Silicon is the common material (12 μm to 500 μm thick) for the leaking parts both the anodically bonded pressure sensor and all silicon direct fusion bonded microtube both allowed helium to pass into the microcavity and do not utilized sealing layers during wafer bonding.
Sensor Output Drift
For resonant tube density meters, the density of a fluid ρ in a vibrating tube is given by the expression:
where V is the internal volume of the resonant tube, m t is tube mass, K s is the spring constant of the tube and f is the resonance frequency of the tube. As can be seen by the expression above, the density is inversely proportional to the square of the resonance frequency. A frequency shift of 83 Hz, as was observed due to 48 hours of helium exposure at 380 KPa, results in a large density measurement error. Just a short 1 hour exposure to helium at 380 KPa resulted in a 1 Hz shift and which corresponds to a density meter output shift of 0.143 kg/m 3 . Chemical concentration of binary solutions can be measured using this mass-based approach. Any shift in resonator frequency due to helium permeation causes a density and concentration error in these sensors. Twenty hours of exposure to 380 KPa of helium caused a 13 Hz frequency shift resulting in a density error of 1.86 kg/m 3 , which is greater than what is found going from 100% nitrogen to 100% hydrogen at 101 KPa. This illustrates the type of concentration error that helium exposure can induce in this resonating sensor. While MEMS density meters can be used with many gases [4] , applications with helium mixtures or impurities like some welding cover gases, deep sea diving and natural gas monitors [15] should be avoided.
Resonant Coriolis mass flow sensors [1, 2] also use frequency to arrive at a mass flow rate. The basic function of an ideal resonating Coriolis mass flow sensor can be expressed by Equation (2) . The mass flow rate q is given by:
where, K s angular spring constant of the flow tube,  is the twisting angle of the tube,  is the resonance frequency, L is the length of the tube and r is the radius of the U-bend of the tube. Therefore, the mass flow rate is directly proportional to the twisting angle and inversely proportional to the resonance frequency. Any shift in frequency due to helium permeation into the vacuum cavity leads to a mass flow error. As Figure 7 showed the resonator Q can drop from 20,000 to below 100 after helium exposure. For both flow and density sensors the reduction in the Q can eventually lead to an inability of the circuitry to track the resonator output signal peak resulting in another failure mode for these devices due to helium ingress into the vacuum sealed cavity. The results observed for the two types of absolute pressure sensor clearly indicate that these types of MEMS devices, sealed with reflowed glass and anodic bonding, cannot be used in helium containing gases without a helium impermeable corrugated metal diaphragm. Figure  11 shows how the diaphragm deflection, indicated in Figure 9 caused a pressure error over time due to helium exposure at 415 KPa. Backside sense absolute pressure sensors with their reference vacuum cavity on the topside of the diaphragm may also have the same problem. The observation that both the Kovar welded and soldered lids did not allow helium to enter into the vacuum cavity at (100 psi) indicates that a helium compatible metal diaphragm is a possible solution for absolute pressure sensors. Differential or gauge pressure sensors are not affected by the presence of high pressure helium, although other factors like burst pressure precautions should still be taken into account. The negative results from the differential pressure sensors indicates that pn junction or dielectric layer leakage currents due to helium exposure are not responsible for the sensor output shift observed with the absolute pressure sensors.
In addition to the MEMS devices tested in this study, other MEMS sensors and actuators, fabricated with wafer level packaging techniques and materials may be sensitive to helium hermeticity problems. As Kim et al. showed [9] , CVD vacuum sealed MEMS devices, used for voltage controlled oscillators, can have a problem with the 5 ppm helium present in the atmosphere at the high end of the device operating temperature which can range from 85˚C to 150˚C for automotive, industrial and aerospace devices. This was due to the ingress of helium and hydrogen through CVD oxide plugs although both hydrogen and helium could diffuse through the epi/poly silicon CVD layer at higher temperatures as well.
Infrared sensors like bolometers, thermopiles and chemical sensors are vacuum packaged using germanium and silicon lids and could be subject to helium performance degradation. Infrared (IR) imaging and chemical sensors are being packaged at the wafer level using silicon [16] . Silicon capping wafers are being attached to sensing array wafers with low temperature metal joining methods like solder and eutectic bonding [12, 13, 16, 17] . Helium diffusion due to sensor exposure to natural gas or even air could over time lead to an accumulation of helium in the vacuum sealed microcavity. This will result in interference at the helium absorption wavelengths shown in Table 3 [18] . If helium is diffusing through silicon at room temperature then even ceramic packages that use polished silicon lids may present an absorption problem. Further tests with silicon, germanium and various glasses will be needed to find out if helium, neon or hydrogen can diffuse through these window materials.
Vacuum packaged resonating MEMS gyroscopes and voltage controlled oscillators may also have a long-term drift problem when operated in air if chip-scale packaging methods are employed. This has been demonstrated by Kim with CVD sealed devices [9] . Enclosing these devices in ceramic or metal packages with Kovar lids, like those shown in Figure 2 , can be used to prevent this long-term reliability issue.
Care must be taken when applying MEMS technology to applications dealing with helium and mixtures containing helium. Helium is used as welding cover gases, diving gases, airships, and semiconductor processing including MEMS wafer processing. MEMS devices have been proposed for space exploration, including Jupiter and Saturn with helium containing atmospheres [19] .
Sensing pressure, density, composition and flow rates of natural gas could lead to device output drift due to low concentration of helium, up to 7%, in natural gas [15] . 
Causes of Helium Permeation
Helium permeation can be caused by leakage through the wafer bonding interface due to defects and nonplanar surfaces as well as potentially by diffusion through the thin walls on the MEMS chip. While hermeticity problems due to particle related defects and voids can lead to leaks, this would not be an expected cause in four different wafer fabs with all four wafer level bonding methods. The permeation of helium has also been observed with three different MEMS devices: resonators, absolute pressure sensors and pirani gauges. Reflowed glass voids and wafer surface roughness [21, 22] could be a path of helium migration for the anodic and direct bonded surfaces. One would expect that the glass reflow and eutectic bonded wafers would not present a helium migration path due to surface roughness since the sealing material would conform to the wafer surface irregularities. Effusion rates were first measured by Thomas Graham back in 1829. He noted that the effusion rate of various gases is inversely proportional to the square root of the molecular masses of the gases. Graham's law of effusion explains why a narrow channel or relatively tight seal may be leak proof to air or argon, and yet fail to hold lighter gases like hydrogen or helium. Table 4 lists the molecular mass and Van der Waal radii of various gases. Based on molecular weight both helium and hydrogen should effuse through wafer bond interface defects and gaps. Perhaps the Van der Wall radii is more critical for effusion through nanometer sized gaps, in which case helium would effuse through chip scale packages interfaces with more ease than hydrogen.
The resonators and pirani gauges have shown no sign of pressure change after years of storage in air (101 KPa) at room and elevated temperatures [10, 13] . An earlier resonator study [10] found that the Q of the CSP resonators shown in Figures 1 and 6 could be degraded by 1 hour of helium exposure at 300 KPa but did not changed after 500 hours of exposure to 300 KPa hydrogen or immersion in argon and forming gas (4% H 2 96% N 2 ) at 790 KPa for 48 hours. These differences in Q impact suggests that classical effusion through an leakage path is not at work in this case. It is possible that the hydrogen is reacting with water vapor or hydroxyl molecules on the silicon, glass or oxide surfaces of these bonding interface imperfections, while helium does not react with this surface, and that the effusion path through these surface or seal imperfections is too small for argon, nitrogen and oxygen. Diffusion of hydrogen through metal has led to pressure sensor output changes over time. Swanson [23] observed that MEMS-based pressure transmitters using corrosion resistant 25 to 50 micron thick, metal diaphragms failed in hydrogen after 30 -60 hr when the diaphragms were made of high nickel content Hastelloy and Monel. Hydrogen diffused through the metal diaphragm and gas pressure build up lead to bubble formation in the silicone oil surrounding the MEMS pressure sensor which causes output errors. He noted that the hydrogen permeation effect increased exponentially with temperature, as a square root factor with pressure and inversely decreased with the thickness of the diaphragm. A passivation chromium oxide layer and plated gold layer on the surface of the metal diaphragm greatly improved the resistance to hydrogen permeation. No hydrogen permeation failures were seen after much longer exposure times with 316 stainless steel diaphragms under the same conditions. A change in diaphragm material solved this hydrogen diffusion related pressure sensing problem.
This study shows that diffusion of helium through single crystal silicon is a potential alternative to effusion through an interface defect. The metal TO packages employ glass feedthroughs between the wires and metal base, as seen in Figure 12 and illustrated in Figure 4 . These glass feedthroughs as well as the ceramic package walls did not prove to be a path for room temperature helium effusion or diffusion even at relatively high pressure. Dense glass, Kovar and ceramics of some compositions and thickness can provide an effective barrier to room temperature helium. However it is still possible that diffusion through silicon could be a cause for helium penetration into the MEMS vacuum cavities. Further experimentation is needed to assign a root cause to helium permeation in wafer-level packaged devices.
Conclusion
Exposure to helium at room temperature resulted in a gradual shift in output of absolute pressure sensors, resonant microtube density and binary concentration sensors and chip-scale vacuum packaged pirani gauges. No effect was found for differential pressure sensors and pirani gauges vacuum packaged with ceramic or metal packages. The observed results apply to other MEMS devices such as gyroscopes, voltage controlled oscillators, infrared and Coriolis mass flow sensors. Further research and development is needed to investigate the effusion or diffusion of helium in silicon, glass and germanium microstructures in order to develop a chip-scale MEMS vacuum package that can be used in helium or helium gas mixtures.
